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Highlight 
Coherent creation and destruction of orbital wavepackets in Si:P with electrical and optical read-out. 

 

The ability to control dynamics of quantum 
states by optical interference, and subsequent 
electrical read-out, is crucial for solid state 
quantum technologies. Ramsey interference has 
been successfully observed for spins in silicon 
and nitrogen vacancy centres in diamond, and 
for orbital motion in InAs quantum dots. Here 
we demonstrate terahertz optical excitation, 
manipulation and destruction via Ramsey 
interference of orbital wavepackets in Si:P with 
electrical read-out. We show milliradian control 
over the wavefunction phase for the two-level 
system formed by the 1s and 2p states. The 
results have been verified by all-optical echo 
detection methods, sensitive only to coherent 
excitations in the sample. The experiments open a 
route to exploitation of donors in silicon for atom 
trap physics, with concomitant potential for 
quantum computing schemes, which rely on 
orbital superpositions to, for example, gate the 
magnetic exchange interactions between 
impurities. 
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1. Scientific results 2015 
FELIX and the FOM-focusgroep. 
 
The FELIX laboratory in Nijmegen is the core of the FOM focusgroup 'Free Electron Lasers for 
Infrared EXperiments'. The research programme is aimed at developing the FELIX laboratory into 
a world leading research facility, to perform excellent research with the unique radiation of the 
(far) infrared free electron lasers and to provide access to external users.  
Intense pulsed infrared lasers are an important research tool in physics. The programme involves 
FOM and RU personnel that is jointly responsible to execute these tasks. This report concerns 
therefore the work of the whole laboratory.  
 
Most vibrational (phonons in solids and vibrational levels in molecules) energies, electronic states 
(intersubband and impurity energies in semiconductors and many body gaps or superconducting 
gaps in solids and magnetic excitations magnons, Zeeman and cyclotron energies in magnetic 
fields) are in the (far) infrared range. This vast area of scientific interest is covered by the local 
groups, which concentrate on the study of the structural dynamics of complex molecules, ions and 
clusters in the gas phase, with bio molecular systems as a special class of these molecules and 
through collaborations. For instance the combination of light from the FELIX lasers with the high 
field magnets of the adjacent HFML is studied with a joint HFML/FELIX research group, while fs 
THz spectroscopy on magnetic systems is done in combination with the group of Dr. Kimel. On 
site the British research council operates a group on semiconductor physics. Furthermore formal 
cooperation exists with groups in Koln and Dortmund in the field of molecular physics. Through 
these associations the research programme is able to cover the most important areas.  
 
FELIX has four lasers; FEL-1, FEL-2, FELICE and FLARE . All lasers except are now operational. 
The lasers provide pulsed (a µs long train of 100 ps pulses with wavelengths between 3µm and 
3000µm, and typically 5µJ pulse energies and a 10Hz repetition rate) and tunable radiation. 
FELICE is made to do experiments inside the cavity providing mJ pulse energies. 
 
A significant scientific result is described on the cover page. Donor states (P) in ultrapure Si can be 
treated as an analogon of hydrogenic states with much lower binding energies and much larger 
Bohr radii, due to the effective mass and refractive index of silicon, These hydrogenic states can be 
seen as very clean quantum states and treated as a model system to study entanglement. Pro-
gramming and readout of these states can be done with pulsed pump probe laser excitation pro-
vided by FELIX. Together with researcher from the UK these results have been published.  
  

The characteristic infrared radiation emitted by inter-
stellar Polyaromatic hydrocarbons is a powerful 
means to identify these molecules. However, distin-
guishing the radiation emitted by PAHs from other 
radiation sources is far from trivial. Astronomical data 
are analyzed by comparison with databases contain-
ing a large body of PAH infrared spectra (the finger-
prints). At FELIX several of these PAH molecules have 
been studied and based on theoretical calculations and 
laboratory experiments many of such molecules could 
be identified. These data are a form a very useful 
database for space studies with telescopes.  
 

FELIX as a research facility 
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In 2015 FEL1, FEL2 and FLARE were fully operational while FELICE has been commissioned in 
the fall of 2015. FEL-1 and 2 have been running 2600 hrs, FLARE 600 hrs while for FELICE first 
lasing & first experiments have been achieved. In total 84 projects, involving about 150 user visits 
(of typically one week) have been executed of accepted proposals in two calls. In the figure the 
division of the project per country and the corresponding beam time is given.  
 
In 2015 a user meeting was organised which was attended by more than 50 (mostly external) users. 
Recent results were discussed and in a series of break-out sessions many suggestions to improve 
FELIX and plan future extensions were discussed.  

 
 
Use of FELIX in 2015 
 

 
 
 
Instrumental development 
 
In 2015 the all optical beamline that brings FLARE light (from 0.25 to 3 THz) to the HFML magnet 
has become fully operational. Previously light was transported with an improvised, lossy, metal 
oversized waveguide which did not conserve the beam profile This all optical beamline consists of 
a series of 30 cm diameter gold coated mirrors that refocus the radiation repeatedly, making that 
over the entire wavelength region of FLARE (150µm-3 mm) the radiation is transported more than 
80 m with a loss less than 30% (>70% transmission). Apart from the low loss, the conservation of 
the beamprofile guarantees that the radiation can be used in time resolved pump probe experi-
ments, or in experiments that require a well-conditioned optical beam.  
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Furthermore FELICE has now been commissioned. FELICE is an infrared free electron lasers that is 
configured to allow a 1000 fold increase in power with intracavity experiments. This feature is 
particularly important for very dilute, gaseous samples, but of course a prerequisite is that the 
losses of the experiment outside the resonances are low to allow laser action. 
 
Organisation 
 
In 2015 the FELIX laboratory has been officially opened by Sander Dekker, secretary of state for 
education, culture and science. The event marked the end of the construction phase of FELIX and 
FLARE after the reallocation from the FOM institute of Rijnhuizen to the Radboud University. 
 
 
 
 
 
 
 
 
 
 
 
 
After the departure of W. v.d. Zande in 2014, Prof. Maan now acts as interim chair of the FELIX 
board and the procedure to find a new director is on its way. Negotiations with a selected candi-
date took place in the second half of the year and resulted in December that this candidate choose 
another position. Therefore the procedure has been delayed and has recently been restarted again. 
Together was HFML a project team (2 PD and 2 PhD) has been set-up to develop scientifically the 
combined use of the two facilities and the increased and more concentrated activity is starting to 
bear fruit. 
 
2. Added value of the programme 
Running a research facility is costly and complicated and therefore requires a programme like this 
FOM programme. A facility such as FELIX provides a great service to the international scientific 
community by offering it unique research possibilities, hardly found anywhere else in the world. 
The use of such facilities will become increasingly important for competitive research. However a 

B
ea

m
 d

ia
m

et
er

 ~
20

 c
m

)

FE
LI

X
ex

it

80 m

H
FM

L 
st

at
io

n 
5



 
 
 

 
 
 - 6 - 
 

laboratory such as FELIX should not be evaluated in the same way as a normal research group. 
The FELIX mission is scientific (research topics and publications) as well as technological (instru-
ment development). Furthermore it should not only be judged exclusively on its own research 
results but also on the quality of the service it provides to the user community and the results 
generated. This more complex threefold task (unique infrastructure, service to users and local 
research) requires a programmatic approach.  
 
FELIX has an excellent scientific output (number and quality of publications), related to both the 
local research as the facility research. In fact this distinction is often not sharp because much of the 
work with guests requires a strong local involvement and is performed in collaborative projects. 
The appointment of the new director is also aimed at strengthening and broadening the scientific 
profile of the laboratory.  
 
3. Personnel 
The programme is primarily aimed at covering part of the costs of the exploitation of the FELIX 
laboratory to allow it to function as a research facility. Personnel is primarily appointed by the RU 
and some of the costs are declared to the programme as agreed in the contract concluded between 
FOM and RU when FELIX moved to Nijmegen. In this moment only one PhD is appointed on the 
FOM programme; Daniel Bakker and his progress is reported below. 
In his studies, Daniel Bakker investigates the effects of the strength of a hydrogen bond on the 
infrared fingerprint of the molecule, especially in the far-IR frequency range. His targets include 
both small model systems as well as small peptides, where conformational preferences - induced 
by H-bonding interactions - are to be identified from the far-IR spectrum. In 2015, Bakker received 
the prestigious Rao Prize for best student presentation at the International Symposium on Mole-
cular Spectroscopy (Urbana-Champaign, USA; several 100s participants). A paper on this subject 
was recently accepted for publication in J. Phys. Chem. Lett. and several other papers are in prepa-
ration. We expect that Bakker can finalize his thesis manuscript around the end date of his con-
tract. 
 
4. Publications 
Publication highlights are described in the text above. 
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Fact sheet as of 1 January 2016 

 FOM - 11.1734/4 
 datum: 01-01-2016 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 133. 
  
Title (code) Free electron lasers for infrared experiments (FELIX) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr.ir. J.C. Maan 
  
Duration 2013-2022 
  
Cost estimate M€ 9.1 
  
Concise programme description 
a. Objectives 
The objectives are: 
- to establish and operate a world-leading user facility, called FELIX facility that offers the 

international community access to very bright, infrared radiation sources, tunable over the 
spectral range from 3 µm - 1500 µm; 

- to run within FELIX a molecular physics programme focused on elucidating the structure and 
dynamics of (complex) molecules, ions and clusters in the gas phase, with applications to life 
sciences, catalysis and astrophysics; 

- to create a scientific basis for associated, advanced research groups active in various fields of 
research, such as solid state physics, soft condensed matter physics and physics in high 
magnetic fields. 

 
b. Background, relevance and implementation 
The mid- infrared region, also known as the molecular 'fingerprint' region, allows for identification 
of molecules and molecular structures by the position of the bands in their vibrational spectra. 
Towards longer wavelengths, the radiation probes structures of solids and low frequency 
collective modes in soft condensed matter including proteins, DNA, etc. At even longer 
wavelengths, THz radiation is the probe for elementary electron spin and other electron transitions 
in solids in high magnetic fields. Near 1 THz, it becomes feasible to study transport properties on 
contactless solids and devices. In spite of the recent advancement in Ti-Sapphire based table-top 
sources, FELs still remain the only sources that can provide tunable, high-brightness radiation over 
the full IR spectral range.  
In FELIX, this frequency spectrum will be covered by the combination of instruments FLARE, 
FELIX-I, FELIX-II, and FELICE. The instruments FELIX and FELICE have been designed and built 
at the FOM Institute Rijnhuizen (since 01-01-2012 FOM Institute DIFFER). FELICE distinguishes 
itself from FELIX as it permits gas-phase experiments to benefit from the much higher intensities 
present within the cavity of the laser in the optical tuning range from 2000 – 100 cm-1. FLARE, is 
financed by a grant from the NWO-BIG programme, and showed first lasing on 
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26 September 2011. FLARE covers the 100 cm-1 – 6 cm-1 part of the spectrum. An important special 
feature of FLARE is that it can not only be operated in the conventional, picosecond pulse mode, 
but that it will also produce quasi-continuous pulses of very narrow bandwidth. This mode of 
operation is directly motivated by scientific requirements related to experiments performed at high 
magnetic fields as available in the High Field Magnet Laboratory laboratory (HFML). 
Funding 
salarispeil cao per 01-01-2016 
bedragen in k€ ≤ 2016 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie*) 4.023 1.153 1.139 797 565 502 948 9.127 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 4.023 1.153 1.139 797 565 502 948 9.127 

*) hiervan is k€ 500 in 2016 geblokkeerd 
 
 
Source documents and progress control 
a) Offer RU: FOM-10.0210 
b) Agreement for transition: FOM-10.0696/D 
c) Decision Executive Board: FOM-11.1733 
 
 
Remarks 
None. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 MG par. HOZB 
 
 
Subgebied: 100% COMOP  
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Historical overview of input and output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2013 1.0 - 3.0 0.7 857 

2014 1.0 - 2.0 - 1.040 

2015 1.0 - 1.0 - 584 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2014 2 26 18 - 

2015 - 44 94 - 

* After closing the financial year. 
 
 
PhD defences 
2014 
Sander Jaeqx, 8 October 2014, DIFFER. 
Josipa Grzetic, 26 November 2014, FOM-N-23. 

2015 
None. 

 
 
Patents (new/changes) 
2014 
None. 

2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-N-23 

Leader Prof.dr. W.J. van der Zande till 1 September 2014, Prof.dr. J.C. Maan 
from 1 September 2014 

Organisation Radboud University Nijmegen 
Project leaders Dr. B. Relich, Prof. J. Oomens and Dr. A.F.G. van der Meer 
Project (title + number) Focusgroep FELIX (12FELIX01) 
 
FOM employees on this project 
Name  Position Start date End date 
A.F.G. van der Meer WP/V 1 January 2013 30 September 2019 
D.J. Bakker PhD 1 January 2013 31 December 2016 
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